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1 Introduction 

This review summarizes the status of weak quark 
mixing, focusing on our knowledge of the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix Era elements 
Vcb, Vub, Vtd and Vts- Precise evaluation of these 
elements is crucial to our understanding of the ori- 
gins of CP violation — in particular, whether the 
CP-violating phase of the CKM matrix is suf- 
ficient to explain the observed rate of the CP- 
violating decay —>■ tttt. 

The results discussed here are intimately con- 
nected with topics covered in more detail in three 
other talks. To extract the CKM elements, we 
must understand the dynamics underlying the de- 
cays studied; J. RichmanQ and G. Martinelliu dis- 
cuss the dynamics in detail. The elements un- 
der discussion are the basic inputs to the "Unitar- 
ity Triangle" (UT) analysis to test the hypothesis 
that the rate of CP violation observed in the neu- 
tral kaon system is consistent with arising solely 
from a CP-violating phase in the CKM matrix. 
A. Burascl will present a detailed UT analysis in 
his talk. 

The CKM matrix appears in the weak charged 
current, 
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rotating the quark system from the flavor eigen- 
state basis to the weak eigenstate basis. A conve- 
nient parameterization, due to Wolfenstein 0, in 
which the matrix is expanded in powers of the 
Cabibbo angle A = \Vtd\ — 0.22 is 

VcKM ~ (2) 

1-AV2 A AA3(p-ir;)\ 

-A 1 - AV2 AA2 

A\^{l-p-ir]) -AX^ 1 I 



Within this approximation, good to order C'(A'^), 
CP-violating amplitudes are proportional to the 
parameter rj. Buraslj discusses both this param- 
eterization and the unitary triangle that results 
from the unitary property ^ VikV*^. = for i ^ j 
in some detail. 

Section 2 of this review will discuss experi- 
mental measurements sensitive to \Vtd\ and \Vts\, 
Section 3 will summarize the determination of | Vcb \ 
from inclusive and exclusive b — > civ decays, while 
section 4 will focus on the new determination of 
\Vub\ from exclusive B X^iv studies. 

2 Vtd and Vs 

The top quark presents an experimental irony. Its 
large mass and short lifetime make possible an ac- 
curate determination of its mass with only a hand- 
ful of events. In fact, its mass is fractionally among 
the best determined for any quark. However, the 
large mass limits us to a total event sample of only 
a few events, making direct determination of \Vtd\ 
and I Vts I impossible at this time. We must there- 
fore resort to indirect means of determining those 
CKM elements. 

Weak processes that contain a virtual top 
quark in a loop provide such a means. Because 
the amplitudes are roughly proportional to the 
square of the large top quark mass, such pro- 
cesses can have accessible rates. In fact, the large 
rate observed in the initial P" — 5° mixing mea- 
surements Q was the first hint that the top quark 
was unusually heavy. Figure ^ shows a variety 
of these processes. Electroweak penguin diagrams 
contribute to the decays B K*'y, B ^ and 
— > ■K'^vD. The box diagram, a second or- 
der weak process, also contributes to the decay 
K+ -> vr+i/p, as well as to B° - B° and P° - B° 
mixing. The experimental status for these four 
different processes follows, with a summary of the 
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Figure 1: Diagrams for processes from which information 
about Vtd and Vis can be inferred: ^ tt+i/P (left), 

_B — > K*(p)'y (top right), and — B^' mixing (bottom 
right). 



implications for \Vtd\ and \Vts\ at the end of this 
section. 
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2.1 K+ Ti+vv 

Theoretically, one of the cleanest avenues for the 
extraction of \ Vts \ is the semileptonic decay K'^ — > 
-K^uD. Long distance corrections have been found 
to be negligiblcEm compared to the short distance 
contribution from diagrams like those in Figure ^. 
Uncertainties in the hadronic current can be elim- 
inated by normalizing to the related semileptonic 
decay — > n^e^v. For this decay, while the 
amplitudes of diagrams containing the top quark 
are enhanced by its large mass, they also contain 
the factor Vi*Vtd, of order A^. On the other hand, 
the amplitudes from analogous diagrams with a 
charm quark in the loop contain the factor V*gVcd^ 
of order A, making the charmed loops competitive 
with the top. The charm quark contribution still 
accounts for the largest theoretical uncertainty, 
though that uncertainty has recently been greatly 
reduced to about 4% by a next-tpJeading order 
calculation of Buchalla and BurasEj. Within the 
standard model, predictions □ for this decay rate 
lie in the range (0.6 - 1.2) x 10"^°. 

The Brookhaven experiment E787 has been 
searching for this decay with an elegant detec- 
tor, shown in its current upgraded form in Fig- 
ure 1^. A high intensity beam from the AGS deliv- 
ers mesons, which are tagged in a Cerenkov 
counter, slowed and then stopped in an active seg- 
mented target. Charged particles from the target 
are tracked in a drift chamber and range out in 
a segmented range stack of plastic scintillator lay- 
ers. Having instrumented all active channels with 
transient digitizers, E787 can suppress background 



Figure 2: Schematic of the upgraded E787 detector. 

from fi'^v decays (63% branching frac- 

tion) by identifying the complete decay sequence 
7r+ — > /z^ — > e'^ . Photon vetos suppress 7r"'"7r'^ 
decays (21% branching fraction). Candidate 7r+ 
are selected in a momentum range between the 
two peaks from /i+j/ iHiid tt'^tt'^ decays. The fi- 
nal data distribution llil in range (i?) versus ki- 
netic energy (T) measured in the range stack is 
shown in Figure I for the 1989-1991 runs. No 
events are observed in the signal region. From 
this data E787 has set the 90% C.L. upper limit 
B{K+ -> TT+vD) < 2.4 X 10-3. 

The E787 experiment has been accumulating 
more data with its upgraded detector. The up- 
grade has resulted in a detector with lower mass 
and better light collection, and hence with bet- 
ter 7r//x separation in both T and R and with im- 
proved photon vetoing. After initial runs in 1995 
and 1996, E787 estimates a factor of six improve- 
ment in reach over their previous data set. After 
completing their planned 1997 run, they expect a 
final sensitivity of about 2 x 10^^". The theoretical 
uncertainties in this mode are small enough that 
a signal at this level would be a strong indication 
of physics beyond the standard model. 



2.2 B K*-f, B 



PI 



Study of the exclusive radiative penguin decays 
B K*j and B ^ pj can play several roles 
in constraining CKM elements. Foremost is the 
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Figure 3: Range (Rtt) versus kinetic energy (T,r) for events 
satisfying the E787 selection criteria and 211 < p-n- < 243 
MeV/c. The box indicates the — > n'^uP search region. 
— > tt+tt" background populates the lower left region; 
— > n'^u populates the upper right. 



extraction of the ratio |Vt(j/V(s| from the ratio 
of branching fractions R = B{B p^)/B{B 
K*"f), though one must correct for differences in 
phase space, SU (3)-breaking, and, particularly for 
P7, long distance (LD) contributions 

Recent estimates have indicated that the long 
distanpa contributions may be manageable: of or- 
der E3£3 10% for P 7i and a few per- 
cent or less for B'^ p'^/ujj. The question, 
however, is still under_active investitarion. The 
phase space correctionEj is small, 1.02 ±0.02. The 
S'f7(3)-breaking correction ^ is model-dependent, 
but this dependence should be smaller than for 
predictions o£|tlie--jndividual p7 and K*j rates. 
CalculationaBllaO of ^ range from 0.58 to 0.90. 

CLEO 113 has recently updated its measure- 
ments of _B ^ K*"f and placed new upper limits 
on B^ p^j and B'-* p'-^ /cwy. A strong signal 
can be seen in the sum of the four K*j modes 
examined (Figure and combined they yield 
B{B K*-f) = (4.2±0.8±0.6)xl0-^ CLEO sees 
no evidence for a signal in any of the three b ^ d'y 
modes studied. Combining the K*"f measurement 
with these three modes under the assumption that 
r{B~ p--f) = 2T{B° p°/uj-f), CLEO obtains 
the 90% C.L. upper limit R < 0.19. Assuming no 
long distance contribution to any of the b d-y 
modes, but correcting for phase space and SU (3)- 
breaking, this limit imphes jVid/^sl < 0.45 — 0.56, 
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Figure 4: Reconstructed mass distribution of _B — > K*'y 
candidates in the four modes studied at CLEO. 



where the range comes from the different predic- 
tions for ^. Allowing for a 10% long distance am- 
plitude for B^ that, to be conservative, 
interferes destructively, the limit's upper range 
would change to |Vtd/Vts| < 0.59. 



2.3 B° - B° 



mixing 



The formalism for mixing of neutral B mesons, 
either Bg or Bd, is completely analogous to that 
of neutral K mesons. The weak eigenstates are a 
mixture of the flavor |_B°) and \B^) eigenstates: 



\Bl) = 



(3) 



with the complex amplitudes p and q normalized 
such that + jgp = 1. The labeling of the weak 
neutral B eigenstates analogously to their kaon 
counterparts is somewhat of a misnomer. For a 
neutral meson H, the only contribution to the life- 
time difference of the weak eigenstates comes from 
final states that are common to both and 5°. 
In the case of the kaon, the tttt final states are by 
far the dominant final state, and their contribution 
leads to a Kl lifetime about 580 times larger thair 
the Ks lifetime. In the case of the B mesons Ej, 
the branching fractions of flnal states common to 
both the and i?° are only of order lO^'^, and 
different final states will contribute to the width 
with different signs. Hence the lifetime difference 
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Ar = — is expected to be quite small, with 
|Ar|/r of order a few percent or less. 

In the — system, where the branching 
fractions for a large number of decay modes have 
been measured, the common final states do have 
small branching fractions. This is expected to be 
the case in the B^ — B° system as well. I will 
assumejihat AF = 0, as the experiments do, which 
implieslla that the ratio \p/q\ = 1. 

Processes such as the box diagrams in Figure |^ 
do generate a mass difference, Am = Mb^ —Mbs, 
just as in the neutral kaon system. Given this mass 
difference, an initially pure J5° or J5° state evolves 
as a function of proper time according to 

cos(^)|i3°) + ^sin(^)|B") 



\B°{t)) =e -2 '""'X 



,A'mt. 



(4) 



cos(^)|i?0) + -^^sin(^)|BO) 



where M = (Ml + Ms)/2. The probabihty as a 
function of proper time that an initially pure B^ or 
B^ state decay as the opposite, or "mixed" , state 
is 



F 



-"^'[1 -cos(Amt)] 
and as the same, unmixed state is 



Vuit) = -e"^*[l + cos(ATOi)]. 



(5) 



(6) 



These forms result when AF — 0, and 
hence \p/q\ = 1, without assuming strict CP- 
conservation. Integrated over time, the total frac- 
tion Xq of mixed decays from an initially pure Bq 
state is given by 



or Bg {q = s) system yields El 

Am, = ^BBjlMBm',\V;,V,q\'vB^, 

(8) 

where xt — (mt/MwY' and S{xt) is the Inami- 
Lim function that results from cvalua|tipn of the 
box diagrams with internal top quarksEil. A good 
working approximation c2l to S{xt) is 



S{xt) = 0.784 



,0.76 



(9) 



determination 
Buras obtains 



Buras et a/.E3 have evaluated the QCD correction 
factor TjB ^0.55, which is the same for Bd and 
Bg mixing Ej. They also stress that the running 
top mass fht(rat), not the pole mass, should be 
used in the eyaJuation of (^). From the precise 
I of mt = 175 ± 6 by CDF and DO, 
fht{rnt) = 167±6 GeV. 
With the top quark mass now so well known, 
the largest uncertainties in the evaluation of (H) 
arise from the dearth of precise knowledge about 
/s, the B decay constant, and -Sr, the nonpertur- 
bative correction factor. FlynnE3 has summarized 
the lattice calculations of both quantities for the 
Bd system. I will use Buras' evaluations of results 
from lattice, QCD sum rule and QCD dispersion 
relation calculations: 



/i3.V^= 200±40 MeV. 



(10) 



Many of the calculational uncertainties are re- 
duced if one considers the ratio 



Thus the ratio 

Am., 



Anid 



Vtd 



(11) 



(12) 



Xq = 



2{i + xiy 



(7) 



where Xq = Aniq/Tq. 

The ultimate experimental goal is a precise 
determination of the mass differences Arud and 
Am^, from which we can obtain information con- 
cerning Vtd and Vts- Within the Standard Model, 
the box diagrams with a top quark in the internal 
loop dominate the contribution to the mass differ- 
ence. Their evaluation for either the Bd {q — d) 



provides a powerful way to obtain |Vts/Vtt;|. Both 
quenched lattice calculations, summarizecLheifi by 
FlynnEj, and QCD sum rule calculations tZrca are 
consistent with ^ = 1.15 ± 0.05. With this preci- 
sion, we shall see that even the current limit on 
Am^ begins to provide interesting constraints in 
Unitary Triangle analyses. One word of caution, 
however. Flynn does note that the unquenching of 
lattice calculations is likely to increase ^, perhaps 
by as much as 10%. Values as large as 1.25-1.30 
can not be discounted. 
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Figure 5: Probability distributions Vuit) (solid) and Vmit) 
(dashed) for an initially pure B'^ or state and for a state 
that does not mix (dotted). Inset: the fraction of decays 
from the mixed state as a function of proper time. 

This review focuses on measurements that are 
sensitive to the time dependence of Vm(t), and 
hence extract Am directly from the observed time- 
dependence. Figure |5| illustrates the behavior of 
the Bd system; the time-dependent measurements 
examine variables proportional to the fraction of 
mixed events as a function of proper time. Because 
Xd = Anid/Td ~ 0.75, measurements are sensitive 
to roughly the end of the first 1/2 cycle (about 
6.5 ps), where the decay rate has decreased by a 
factor of 65. 

For the Bg system, the lower limits on Am^. 
imply that Xs will be very close to the limit 0.5. 
Hence, accurate determination of Xs from mea- 
surement of the total mixed fraction Xs is not 
practical. A large Am^ means a rapid oscillation 
frequency — for Atoj ^ lOTips"^, the half cycle 
would be about 0.3 ps. This is about the current 
experimental time resolution, making determina- 
tion of Atos a challenge on all fronts! 

Bd - Bd mixing 

The LEP experiments have done an extraordi- 
nary job of determining Amd- The techniques 
will be described briefly, with note to novel fea^ 
tures of new analyses from SLAC and CDF. WuE3 
has reviewed the LEP measurement techniques in 
greater detail than possible here. 

For a time-dependent mixing measurement 
one must measure the B proper time t = 
LMb/pb- The large boosts of the B mesons and 
the silicon vertex detectors at the LEP experi- 
ments, at SLD and at CDF make the measurement 
of the decay length L with the requisite precision 



possible. 

Generally, the decay length L is reconstructed 
by (i) reconstructing a tertiary charm vertex, ei- 
ther inclusively (eg., with a topological algorithm) 
or via an exclusive D channel, (ii) extrapolating 
the reconstructed D back to form a vertex with 
a track, such as a high pt lepton, or tracks that 
are candidate B daughters, and (iii) comparing 
this secondary vertex to the primary event vertex. 
Depending on the experiment and the type of sil- 
icon detector, either the vertexing is done in the 
transverse plane and corrected to a 3 dimensional 
distance, or via true three dimensional vertexing. 
The resolution on the decay length L in the cen- 
tral core of the distributions (about 50% of the 
area) range from about 90 microns at CDF and 
170 microns at SLD to 250-400 microns at LEP. 
Tails on the distributions can be parameterized as 
a Gaussian with widths ranging from 500 microns 
to about 1 mm. 

Most Anid analyses convert the B decay 
length L back to a proper time using an estimate of 
the B momentum. The sophistication of the esti- 
mate ranges froro-aimply taking a fixed fraction of 
the beam energy E3'E1I to using the sum of all the B 
decay products, including estimates of the neutral 
energy contributions and, for semileptonic modes, 
an estimate of the neutrin rp-jnomentum via miss- 
ing energy constraints L3t3'E3. Resolutions range 
from 10% to 20%. 

With the decay length and B momentum mea- 
surements combined, the proper time resolutions 
vary from 0.2 ps to 0.3 ps, better than 20% of the 
Bd or Bg lifetime. 

To determine the mixing fraction we must tag 
the flavor of the B meson at the time of produc- 
tion (the "production tag" ) and at the time of its 
decay (the "decay tag" ) . The purity of the B'^ con- 
tent and of the production and decay flavor tags is 
quite important. For example, the statistics of the 
samples for the different combinations of decay- 
tag- method/production-tag- method vary from a 
high of about 60,000 events for the most inclusive 
method (i/Qj, explained below) to about 5000 
events {£/£) to a low of several hundred events 
{D + i/Qj). The most inclusive, high statistics 
samples also have the lowest B'^ purities and high- 
est mistag probabilities, which dilute their statis- 
tical power. The final Arud sensitivities of the 
different tagging techniques are remarkably com- 
parable in the end. 
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Figure 6: The cos Bt distribution observed at SLD (points), 
with the Monte Carlo prediction of the distributions for b 
quarks (dashed), b quarks (dotted) and their sum (soUd) 
overlayed. 



(points), with the Monte Carlo prediction of the distribu- 
tions for b quarks (dashed), b quarks (dotted) and their 
sum (solid) overlayed. 



new measurements by the SLD coUabora- 
tionOO'Lj provide another example of the power 
of clean tagging and b purity. While their sample 
of decays is 20 times smaller than the indi- 
vidual LEP experiments, the Am^ sensitivity of 
an individual measurement is within a factor of 
two of individual LEP measurements. SLD takes 
advantage of the polarized beams at SLC, which 
produce a forward-backward asymmetry 



Afb = 2A, 



Ae+Pe 



cosOt 



1 -t- AePe 1 + C0S2 Or ' 



(13) 



in — > bb decays, where A^ = 0.155 and A^ = 
0.94 specify the parity violation at the Ze^e" and 
Zbb vertices, respectively, Pe is the beam polar- 
ization, and 9t is the angle between the thrust 
axis and the electron beam direction. The ob- 
served thrust angle distribution, with the expected 
asymmetric b and b distributions superimposed, is 
shown in Figure ||. By combining the cos 9t infor- 
mation with other tag methods, SLD has increased 
the purity of their production flavor tag. 

SLD has also boosted its 6-quark purity to 
93% in samples with inclusively reconstructed sec- 
ondary vertices by requiring the mass M and the 
transverse momentum Ft of the vertex to satisfy 



IPtI > 2 GeV. 



(14) 



The decaying hadron's mass must be at least Afp^ 
to produce a vertex with the observed mass and 



Pt- They have also increased the purity 
of their samples by examining the total vertex 
charge. Use of these techniques has made these 
first SLD measurements competitive, with more 
data still to come. 

Most production flavor tags rely primarily on 
the fact that the quarks are produced in bb pairs, 
and tag with variables sensitive to the b quark 
flavor in the hemisphere (or jet) opposite that of 
the decaying B candidate. Other production tags 
are based on fragmentation particles in the same 
hemisphere as the decaying B, which retain some 
information about the initial b quark charge. A 
summary of the production tags follows: 

Qj ^ jet charge: The jet charge is a weighted 
sum over the charges of the nj tracks within a 
hemisphere: Qj ~ X^T^i lAPi ' '^\'^ ■• where qi and pi 
are the charge and momentum of track i, and e is 
an estimate of the jet direction. For the jet charge 
Q°f^ of the opposite hemisphere, the weight /t is 
chosen near 0.5 for ALEPH, DELPHI and SLD, 
and at 1 for OPAL. This tends to weight the charge 
of B decay products most heavily (wanted when 
there is a charged B in the opposite hemisphere), 
while still retaining the information content of the 
fragmentation particles (needed when the oppo- 
site B is neutral). The SLD Q"/^ distribution is 
shown in Figure |. For the jet charge Q"/™'' of 
the hemisphere containing the decaying B, exper- 
iments take K = 0. Neutral P's contribute zero 
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net charge, so the sum reduces to a sum of the 
fragmentation particles and the production tag is 
not biased by the decay flavor. Some analyses use 
Qj — Q°j'^ ~ with a weight a optimized 

with Monte Carlo. Jet charge tagging purities are 
on the order of 65% to 70%. 

I — high pt lepton: A lepton in the opposite 
jet with large pt relative to the jet axis tags the 
charge of the h quark. Such leptons preferentially 
select B mesons, enhancing sample purity. 

TTss — same-side tagging A candidate lead- 
ing fragmentation particle is chosen based on mo- 
mentum and direction to the B. For B^ candi- 
dates, a TT"*" is favored as the leading fragmenta- 
tion particle, since the b quark "pairs" with the 
d-quark from a dd pair, with the d left to form a 
TT"*". The same sign correlation is expected from 
B** decays. CDFc3 finds an excess of correct-sign 
tags over wrong-sign tags of about 22% in their 
sample. For Bg mixing, the sign of the leading 
charged kaon in the fragmentation products tags 
the production flavor. 

Pol — polarization: As discussed above, SLD 
can use their forward backward asymmetry to en- 
hance tagging purity. The measurement is inde- 
pendent of the Qj measurement, and they com- 
bine the two to obtain a production tagging purity 
of 84%. 

Some analyses use a combination of several tags 
to determine the production flavor. 

The b quark flavor at the time of decay is de- 
termined by examining the charge of one or more 
of the decay products. The various decay tags in- 
clude 

I — high Pt lepton: As above. 

mesons are fully reconstructed and 
their charge used to tag the decay flavor. 

TT* + D*^X£~iy are partially reconstructed 
using the lepton and the slow charged pion (vr*) 
from the D*^ decay. 

K: The sign of charged kaons from the decay 
chain 6 ^ c — > s tags the decay flavor. 

Sq - charge dipole moment: For neutral B 
decays involving a D^, the lifetime induces 
a charge separation between the B decay vertex 
and the vertex. The sign of the dipole mo- 
ment evaluated along B flight direction tags the 
production flavor. 

Again, the decay tag sometimes consists of a com- 
bination of several methods. 



OPAL 



R 




t(ps) 

Figure 8; The mixed event fraction R as a function of 
proper time for the OPAL D*^ +£/Q j analysis. The curve 
is the result of the fit. 



Based on the production and decay flavor 
tags, the fraction of mixed events as a func- 
tion of proper time is determined. The result- 
ing distribution for the OPAL D*"^ + £/Qj anal- 
ysis l3 is shown in Figure |[ The first half cy- 
cle, with the statistical precision degraded by the 
end, is clearly visible. These distributions are 
fit to a signal (mixing) term governed by Vmit) 
(Eq. 1^) convoluted with a resolution function, plus 
background terms for non-i3° contributions and 
mistagging. The Am^ results fronL the time da- 
pendfint measLUxemmts of ALERHEj, DELPHI 
L3 0, OPALBSS, SLD 00 § and CDFBEI 
at the time of the conference are summarized in 
Figure ||. The reaiilta based on measurements of 
Xd at the T(4S')llJ'c3 and the averages for each 
experiment are also shown. The world average is 
Arud = 0.466±0.012±0.013;ips-i. The precision 
is under 4%. 

In the averaging, correlated systematic errors 
must be addressed. Ignoring all correlations is 
unrealistic; assuming that similar techniques have 
fully correlated systematics will probably overes- 
timate the correlations, and will miss correlations 
that exist between the other measurements. For 
each technique, only a subset of the errors cate- 
gorized by all experiments has been considered in 
the individual measurements. To compensate for 
this somewhat, I have made coarse categories of 
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Figure 9: Summary of Am^j measurements. The grey band 
indicates the world average. Method and data sample are 
listed at left, the results at right. 



correlated categories: 

1. Lifetimes of S", , Bs, and b baryons. 
Contributions from different lifetimes within a 
Anid measurement are added in quadrature and 
this total error is taken as the correlated error 
when comparing measurements. 

2. Similarly for D lifetimes. 

3. The fraction of b baryons produced in bb 
hadronization. 

4. The fraction of B^ produced in bb hadroniza- 
tion. 

5. 
6. 

7. The average B momentum at the Z", le., 

<PB> /^bcam ~ 70% at LEP. 

8. For leptons from b, the fraction /^c from the 
cascade b ^ I. 

9. In the cascade b ^ c ^ I, the fraction from 
Bd and from charged B's. 



The cc fraction of decays. 
Similarly for the total fraction of usd. 

at the Z", 



10. Uncertainties from the fraction of D**'s in 
B decays, and for analyses that reconstruct D*^s, 
the fraction contributed by 

11. Am^. 

12. Uncertainty in the charged and neutral B 
production fraction in the Xd measurements at the 
T{AS). 

The total systematic for each measurement in each 
category is shown in Table |l]. If an experiment 
has already combined some or all of their mea- 
surements, I have listed the systematic for that 
combined measurement. 

Were the correlations ignored, the systematic 
error would have dropped to 0.009 ?ips~^. Even 
though the correlated errors considered are rela- 
tively minor, they increase the error by 50%!. A 
LEP group has formed to perform a more system- 
atic averaging of Anid- These results indicate that 
for individual measurements, a systematic uncer- 
tainty can be neglected only if small on the scale 
of the statistical error of that world average, not 
if it is small only on the scale of the uncertainty 
in that particular measurement. 

Bs — Bs mixing 

Over the past year there have been two significant 
developments in the effort to determine Arris . The 
oscillations have not yet been observed, but the 
lower limit on ArUs has improved significantly. 

First, the analyses themselves have improved. 
The older analysis techniques were based on the 
same £/£ and £/Qj samples used in the Arrid anal- 
yses. While these inclusive samples have high 
statistics, the Bs content was low (10%) and the 
Arris bounds were sensitive to the fraction fs^ of b 
quarks that hadronize to form a Bs . The Bs sam- 
ples have been enriched by using reconstructed Ds 
or (j) mesons in conjunction with a high pt lepton 
(or high momentum hadron) to tag the decay fla- 
vor. These analyses have a Bs content ranging 
from 25% up to as high as 60%. In addition, be- 
cause of the exclusively reconstructed final state, 
the proper time resolution has improved, which is 
crucial for observing the rapid oscillation of the 
Bs system. 

The second breakthrough is a new technique 
for extracting the lower Anis limit. Previously, 
the limits were determined from the likelihood dif- 
ference curves obtained from fitting to the mixed 
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Table 1: The correlated systematic on Am^ in each of the 12 categories for the different experiments (or measurements). 
The total systematic is shown for comparison. The units are 10^'' ?ips^^. 



Experiment 


Method 


Total 




Systematic in 


Correlated Cate^ 


;ory 








systematic 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


ALEPH 


D±/l or Qj 


24 


3 


2 














7 








18 








ALEPH 




30 


16 





5 


5 











21 


3 





4 





DELPHI 


Comb. 


20 


6 





5 


9 


1 





4 


10 


3 


6 








L3 


i/£ 


43 


4 





17 


37 


1 


1 


15 











1 





OPAL 




24 


7 


























19 








OPAL 




+29 
-23 


7 








8 


14 














9 








OPAL 


t/Qj 


19 


5 





5 


4 











2 














OPAL 


III) 


+52 
-35 


22 





12 


28 














11 


8 


6 





SLD 


Comb. 


37 


9 


7 


10 


10 








10 


5 


3 


2 


4 





CDF 




+34 
-31 


3 


























29 








CDF 


\xl\x 


140 


























113 











ARGUS 


Xd 


66 


15 
































20 


CLEO 


Xd 


44 


13 
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event fraction: —A\ogC{Ams) = log £(Am™'*'^) — 
log£(Ams), where Am™'*'^ is the mass difference 
that maximizes the hkelihood. If the oscillation 
period is small relative to the proper time resp=j 
lution, the value of Am™'*'^ tends to be biased cZl 
towards a frequency at which the true amplitude 
is comparable to the statistical noise, so the likeli- 
hood function must be "calibrated" to determine 
the correct 95% C.L. limit. This has been done 
for each measurement by studying many toy ex- 
periments generated from a fast MC to determine 
the likelihood change that encompasses 95% of the 
experiments at a given Am^. 

Combining the — Alog/3 curves from differ- 
ent measurements is difficult. The resolutions in- 
volved are non-Gaussian; the systematics are cor- 
related between measurements; the curve from 
each measurement has local minima and maxima. 
Under these conditions, there is not a well-defined 
procedure for combining the different curves. Fur- 
thermore, the combined likelihood itself must be 
recalibrated before a lower limit can be obtained, 
which offers a severe impediment to the combi- 
nation of results from different experiments. The 
OPAL coUaborationJias, however, done a beauti- 
ful job I of . c ntabiningxj their three Anis likelihood 
curves EaE^'ca. The resulting likelihood and MC 
calibration are shown in Figure |l^. 

An alternative ptcphnique for extracting Am^ 
has been developedO'EJ for ALEPH by Moser and 
Roussarie. Rather than extracting a likelihood as 




5 17.5 20 22.5 

Airis / ps'' 



Figure 10: The OPAL combined likelihood curve (solid) 
as a function of Arris for their three Ams analyses, and 
the Monte Carlo calibration curves for the confidence lev- 
els 95%, 90% and 80%. The shaded regions indicate Arris 
values excluded at 95% C.L.. 



a function of Am^, their procedure, the "ampli- 
tude method" , is essentially a Fourier-transform. 
In their fit function, they replace the mixed decay 
probability Vm of Eq. |5| with 



Acos{i^t)]. 



(15) 



The frequency is fixed, and one fits for the ampli- 
tude A of that frequency component in the data. 
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Figure 12: A(Ams) versus Anig for the combined ALEPH 
and DELPHI measurements (solid circles). The solid curve 
represents A + 1.645(Ta; its intersection with 1 (open cir- 
cle) determines the 95% C.L. lower bound. The dotted 
curve shows 1.645a"yi; its intersection with 1 (open square) 
indicates the Anis sensitivity of the combined analysis 



Figure 11: The Arris regions excluded at the 95% C.L. 
by the ALEPH, DELPHI and OPAL measurements (grey 
bands). Also shown are the excluded regions from the com- 
bined measurements (black bands) of ALEPH-I-DELPHI 
(amplitude method - a.m.), ALEPH (a.m.), DELPHI 
(a.m.) and OPAL (-Alog£), with the 95% lower Arria 
limit in each case. 



shown in Figure |l^, from which the lower bound 
AtUs > 9.2?ips~^ is obtained. The ampUtude er- 
ror provides an estimate of the sensitivity to Arris ■ 
For the combined results the estimated sensitivity 
is 10.1 fips~^, larger than the lower bound. 



For frequencies v far from the true value of Arris, 
the amplitude should be zero. As v approaches 
Arris, A ^ 1. The distribution of A should be the 
Fourier-transform of (||), a Breit-Wigner with a 
width of ~ 1.3 ps~^. One scans over values 

of ly, fitting for the frequency components A^v). 
Arris is excluded from frequency ranges over which 
the amplitudes are less than one at the 95% C.L-. 
ie. where A{vl^lM5aA{iy) < 1. Both ALEPHEI 
and DELPHI e3 have evaluated their Arris limits 
using this technique. 

The resuhs of the ALEPH. DELPHI and 



OPAL Arris analyses are summarized in Figure 11 
The amplitudes extracted from different measure- 
ments are simple to combine — A{i>) at a given 
frequency is a physical measurement with a well- 
defined uncertainty. ALEPH and DELPHI have 
combined all of their measurements in this fash- 
ion to obtain improved lower limits. Combin- 
ing A^h') from both experiments yields the data 



2.4 Summary of \Vtd\ and \Vts\ 

While we now have a precise determination of the 
mass difference Arrid = 0.466 ± 0.018?ips^^, un- 
certainty in /b^ \/ currently limits the preci- 
sion in the value of \Vtd\ that can be extracted 
from this measurement. Combining this result 
with (H) and (p^, one obtains a range for \Vtd\ 
of 0.005 to 0.015. However, the 95% C.L. limit 
Arris > 9.2?ips^^, combined with this measure- 
ment of Arrid, begins to prove interesting. If we 



also take a 95% C.L. upper limit on ^ {c.f. (11)) 
based on ^ = 1.15 ± 0.05, then Eq. ^ implies 
\Vtd/Vts\ < 0.29. This begins to restrict the al- 
lowed range of Jb^ \/Bb^ hi UT analyses, as Fig- 
ure |l3| suggests. Even with ^ as high as 1.3, a 95% 
C.L. limit of |V(c(/Vts| < 0.30 is still constraining. 
SLD and CDF expect to limit Arris with similar 
sensitivity. 

The limits on the rare decay if+ — > TT^vi? 
constrain Vtd at the 0(0.1) level only. Data be- 



10 



0.35 I 

0.325 - 
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Figure 13: The one standard deviation bounds (dotted 
curves) for IVtd/VisI versus_fg^ \/-^B^ from a recent UT- 

analysis of Ali and LondonLa, assuming Vts = Vcb, which is 
valid within the Wolfenstein approximation. The solid hor- 
izontal line is the upper limit on |Vid/Vts| from the Am^ 
and Arris results presented here combined with the 95% 
C.L. upper limit on ^ = 1.15 ± 0.05. The dashed line cor- 
responds 5 = 1.3. 



ing taken now will significantly improve this limit. 
Comparison of rare B processes B — > pj/B — > 
K*^ yields a limit on |Vtd/Vts| in the range 0.45 — 
0.6, depending upon the assumptions made and 
models used in the extraction of the limit. This 
is not far from the limit obtained from Amg stud- 
ies, and there is more data available at CLEO for 
measuring this ratio. In the long run, both meth- 
ods should provide valuable information for Vtd, 
unitary triangle analyses, and the quest for new 
physics. 



3 Determining \Vc 



cb\ 



Improving the precision on \Vcb\ remains a very 
important goal. \Vcb\ determines the Wolfenstein 
parameter A in UT analyses. Since A appears 
raised to large powers in some of the theoretical 
constraints, the effect of anjpinccrtainty is magni- 
fied. Burchat and RichmanEd point out that even 
though |Vcb| is already known quite precisely, its 
contribution to the uncertainty in the constraints 
on p and 77 from the CP-violating parameter e 
in Kl — > TTTT decay, relative to the constraints 
from the B system, rivals the contribution from 
the nonperturbative correction Bk- 

There are two complementary approaches to 
the precise determination of \Vcb\' inclusive mea- 
surement of the total semileptonic 6 — *■ c branch- 



ing fraction, and measurement of the B D*lv 
hadronic form factor T at the zero recoil point. 
Since some of the key inputs that are used to con- 
trol the theoretical uncertainties remain to be ver- 
ified experimentally, agreement between the two 
methods provides a powerful consistency check. 

3.1 Inclusive measurements 

Extraction of \Vcb\ through the inclusive measure- 
ment of the total B (or 6) semileptonic branch- 
ing fraction has the advantage of great statisti- 
cal power. The semileptonic partial width can be 
written as 



mi 



1 



where the To is the tree level rate 



To 



G 



1927r3 



\Vcb\'zo{^) 



(16) 



(17) 



ai is the first order perturbative QCD correction, 
Cnp is the nonperturbative correction, and zq is a 
phase space factor. The, esact form for these terms 
can be found elsewhereE3'OE3. The nonperturba- 
tive correction is small and known to about 10% of 
itself, contributing little to the overall uncertainty 
in the predicted rate. One might expect uncer- 
tainty in the b quark mass to introduce large un- 
certainties in the total rate via the m^ependence. 
Recent calculations by Shifman et a/.EJ and Ball et 
aMoiT/\Vcb? = 41.3±4ps~i and 43.2±4.2 ps-\ 
respectively, have rather small (10%) uncertain- 
ties, though. Two factors appea^to mollify the 
h mass uncertainty. As UraltsevEj discusses, the 
variation of ai with m\, tends to cancel the vari- 
ation of the tree-lepiel rate Fq. A significant re- 
duction also comes E3 from constraining the mass 
difference mt, — nic to the heavy quark expansion 
prediction 

mb-m, = MB~MD + ^{- -) + ■■■. (18) 

2 WLc mil 

where the "spin-averaged mass" Mh — j{Mh + 
3Af|f) and /ij parameterizes the b quark kinetic 
energy within the hadron. An agressive uncer- 
tainty, on the order of 50 MeV, was adopted for 
mb by these authors. The validity of these con- 
straints have yet to be tested experimentally. For 
this review, I will average the two calculations 
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ARGUS 
CLEO 

Y(4S) Average 

ALEPH 
DELPHI 
L3 
OPAL 

Z" Average 



9.7±0.5±0.4 

10.49±0.17±0.43 

10.22±0.20±0.31 

11.01±0.23±0.32 

11.06±0.26±0.35 

10.85±0.12±0.47 

10.5±0.6±0.5 

10.95±0.13±0.29 
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B(B,b^Xlv) (%) 

Figure 14: The inclusive branching ratios B{B — > Xiu) and 
B(b — > Xiv) measured at the T(4S) and the Z", respec- 
tively. The grey bands indicate the averages. 



and use the 10% uncertainty estimate, r/|Vcfc|^ = 
(42.3 ±4.2) ps-i. 

Experimentally, the discrepancies between 
semil(jp}ArU£i rates for the B meson, mea- 
the T(4S'), and the b quark, mea- 
B at the have decreased. For the 
T(4S') the dilepton measurements are quoted, as 
preferred by those experiments, since while statis- 
tical uncertainties are larger than in the single lep- 
ton measurements, the model dependence is much 
smaller. I quote the lifetime-tagged ALEPH re- 
sult for the same reason. Figure |lj summarizes 
the current situation. The lifetime-tagged ALEPH 
analysis and the new L3 results in particular have 
helped to alleviate the discrepancy. 

Taken at face value, the branching ratios agree 
within 1.5 standard deviations. However, given 
the short b baryon lifetimes, one would actually 
expect the LEP value to be lower than that mea- 
sured at the T(4S'), and the real discrepancy is 
more severe. 

It should be noted that these measurements 
are the combination of the 2 processes b — > civ 
and b — > uii/. Rosner estimates E3 the b ^ u 
fraction to be (1.85 to 2A'i)\Vub/Vcb\'^ , or about 
(1.5 ± 1.0)%. While this seems small, it is of 
the same order as the experimental statistical un- 
certainties and therefore should be corrected for. 
After correction, the average B meson and b 
quark charmed semileptonic branching fractions 
are (10.07 ± 0.38)% and (10.79 ± 0.33)%, respec- 
tively. The statistical, systematic and \ Vub \ correc- 



tion uncertainties have been combined in quadra- 

These measurements, the average lifetimes l3 
at the T(45) and of < rs >= 1.59 ±0.04 ps and 
< Tb >= 1.55 ± 0.02 ps, and the rate prediction 
combine to give 

T(4S') : \Vcb\ = (38.7 ± 0.9 ± 1.9) x lO^^ 
Z° : \Vcb\ = (40.6 ± 0.7 ± 2.0) x lO^^ 

3.2 B D*£v 

Measurement of the B D*lv differential de- 
cay rate at the zero recoil point currently provides 
the determination of \Vcb\ with the least theoreti- 
cal uncertainty. The experimcntal.techpiques have 
been reviewed in some detail EZlEaOQ. The mea- 
surements are reviewed briefly here, with the focus 
on an improved averaging procedure that accounts 
for the correlation between the extracted form fac- 
tor slopes and \Vcb\- 

The differential decay rate for B — > D*£v is 
given by 



q2 

^ ^ —^K{mB,mD,w)\Vcb\^T'^[w), (19) 



dw 



487r3 



where w — vb -ve,' — {mg+mj-,, —q )/2mBrnD*, 
and is the boost of the D* in the B rest frame, 
is the four-momentum transfer to the leptonic 
system, and k is a known function. In general, 
the form factor J-{'w) cannot be calculated in a 
model-independent fashion. 

At the zero-recoil point w = 1, however, heavy 
quark effective theory (HQET) allows calculation 
of ^(1) with controllable theoretical uncertain- 
ties. HQET and experimental tests ar£ discussed 
in more detail in the talks of Richmana and Mar- 
tinelli El and for example, in various reviews by 
NeubertBO. HQET predicts that J^{1) -> 1 for 
transitions between heavy quarks, with corrections 
at the level of l/rUq or smaller. At this zero recoil 
point, the heavy quark changes flavor without per- 
turbing its color field, so there is little suppression 
of the decay rate at that point. 

Experimentally, then, one must determine the 
form factor at w = 1. Unfortunately, the dif- 
ferential decay rate rate vanishes aX w — 1, so 
J-{w) must be measured nearby and extrapolated 
to w — 1. Since the true function J-{w) is un- 
known, it is expanded around the zero recoil point. 



T{w) ^ T{l)[l-p^{w~l) + c{w-lf 



(20) 
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Figure 15: Reconstructed mass difference for DELPHI in- 
clusive D" IVctI analysis, (a) Right sign i^n^ combina- 
tions in data (points), background MC (dashed histogram) 
and signal MC (open histogram), (b) Wrong sign 7r 
combinations, (c) Data after simulated background sub- 
traction. 

While experiments have attempted to extract both 
the slope and the curvature, they are not yet suffi- 
ciently sensitive to constrain c, and therefore quote 
results for strictly linear fits. A positive curvature 
must exist, but only a small bias is introduced 
from the linear restriction because the physically 
allowed range for w, from 1 to 1.5, is rather small. 
The bias will be estimated later. 

The decay B D*tv is favored .oyer Div for 
several reasons. First of all, as LukeEa noted, the 
©(Aqcd /'m.b) corrections to J-{1) vanish for D*tv. 
The calculations for for B D*tv have also 
been much more thoroughly scrutinized. Experi- 
mentally, the D*iv mode has the largest branch- 
ing fraction, and it is not helicity-suppressed near 
w — 1, while Div is. Hence a more precise and re- 
liable extrapolation to w = 1 is possible for D*iv. 

Most measurements@0Ellli0 have used the 
decays D*~£+iy, D*- tt- D° , explicitly 

reconstructing L)° -> K+TT-{mi). DELPHlta has, 
in additional, inclusively reconstructed the me- 
son, to obtain one of the most precise recent mea- 
surements of JF(l)|ycfc|- While their mass res- 
olution of 700 MeV is quite broad, they do see a 
clear D* signal in the mass difference distrijaution 
AM = Mdo^ - Mdo (Figure |l|). CLEoN has 
used B- D*°£-u, D*° D°Tr° in addition to 



the neutral B decays. 

With an undetected neutrino in the final state, 
estimating w is challenging. At the T{4S), the B 
mesons are nearly at rest, so w = Ed' /Md* is an 
excellent approximation, yielding a w resolution of 
about 4% of the total 1-1.5 range. At the the 
B energy is not known, but with the large boosts, 
w can be estimated from the B flight direction and 
missing energy constraints. The resulting w reso- 
lutions at LEP are about 15% to 20% of the total 
range for the exclusive analyses, and about 20% to 
40% for the DELPHI inclusive analysis. The re- 
constructed w distributions are then fit using ( [ig| ) 
to obtain ^(l)|Vc6p and p, properly accounting 
for the smearing of w. 

The T(4S') and measurements complement 
each other nicely. Because of the very soft i3's at 
the T(4S'), the w resolution is excellent and sim- 
ple lepton momentum and kinematic requirements 
reduce D** backgrounds to about 5%. On the 
other hand, the low B momentum means that the 
charged tt's from the D* decays are very soft near 
w — \^ resulting in poor reconstruction efficiency 
where the information is most important for the 
extrapolation to w = 1 . Because of the large boost 
of the B's at LEP, the D* reconstruction efficiency 
is good near w — \. The w resolution, however, is 
much worse, and the D** backgrounds are severe 
~ of order 15%. This is unfortunate, since we are 
now only beginning to obtain reliable information 
concerning B decays to D** . 

The experimental results are summarized in 
Table |[ All results have been updated to the fol- 
lowing comrnon set of constants; 

rM r-, ■■ (22.09 ±0.21)% 
6(6^S0)N : (37.8 ±2.2)% 
tbM : (1.56 ±0.05) ps 

tb+/tboV3 : 1.02 ±0.04 

B{D^ ^ K-TT+)^: (3.88 ±0.1)% 
The statistical correlation coefficients from the in- 
dividual fits are quite large. (Note: ARGUS has 
not published its coefficients - I have assumed that 
they are similar to CLEO's. OPAL did not list 
the systematic uncertainties on their slope, so psys 
is estimated to be similar to the other LEP coef- 
ficients.) If statistical fluctuations or systematic 
biases have resulted in a low slope in the fit, the 
intercept will be lowered as well. Hence the in- 
tercepts should not be averaged without regard to 
the slopes. 

The one standard deviation error ellipses are 
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Table 2: Results from fits to the observed w distributions for B 

and systematic correlation coefficients between F{l)|y;,f,|/10~^ and p. All intercepts have been scaled to a common set of 
branching ratios and lifetimes (see text). For the DELPHI-avg, the "statistical' correlation coefficient listed is the total 
correlation coefficient for the averaged exclusive and inclusive results, excluding the small (0.04) common systematic. The 
results for B — > Dlu are also listed. 

F(l)|T4b|/10'^ P Pstat Psys~ 



D*£iy ALEPH 


31.0 ± L8± 2.0 


0.29 ±0.18 ±0.12 


0.921 


0.612 


DELPHI-incl 


36.4 ±2.2 ±2.6 


0.74±0.20±g}^ 


0.96 


0.816 


DELPHI-excl 


35.2 ±3.5 ±3.0 


0.77 ±0.26 ±0.10 


0.906 


0.616 


DELPHI-avg 


36.5 ±2.1 ±2.2 


0.78 ±0.16 ±0.10 ±0.04 


0.869 


0.0 


OPAL 


33.9 ±2.9 ±2.3 


0.44 ±0.24 ±0.12 


0.95 


0.577 


ARGUS 


39.0 ±3.9 ±2.8 


1.17 ±0.24 ±0.06 


0.90 


0.601 


CLEO 


35.1 ±1.9 ±1.8 


0.84 ±0.12 ±0.08 


0.90 


0.610 



Diiy CLEO - 


36.2 ±5.7 ±4.2 


0.73 ±0.24 ±0.10 


0.940 


0.725 


CLEO - kinem. 


32.7 ±6.0 ±5.3 


0.52 ±0.29 ±0.10 


0.972 


0.574 


ALEPH 


38.8 ±6.7 ±6.9 


0.00 ±0.49 ±0.38 


0.986 


0.953 



shown for the five experiments in Figure While 
the intercepts appear consistent, the measured 
slopes do not — they are consistent only at the 
5% confidence level. Note that a precise measure- 
ment of the form factors by CLEO 113, for which 
backgrounds have been highly suppressed, implies 
that the average slope measured in these analy- 
ses should be p 0.77 ± 0.22 ± 0.07. An aver- 
aging of the slopes and the intercepts simulata- 
neously with their correlations and also correlated 
systematic errors between experiments taken into 
account yields T{l)\Veb\ = 0.0348 ± 0.0016. The 
is 12.2 for 8 degrees of freedom. Since the 
errors in \Vcb\ should reflect the unsetthng state 
of the slopes, I've chosen to adopt the Particle 
Data Group procedure and to scale the error by 
,/l2.2/8. The final result is then T{l)\Vcb\ = 
0.0348 ± 0.0020 The average slope, also with er- 
rors scaled, is p = 0.75 ± 0.11. 

We must address the bias induced by the lin- 
ear form factor parameterization in the fits. Pat- 
terson Ell and Stone l3 have evaluated the possible 
shifts in a variety of models, and find that correct 
tions of up to +4% might be necessary. alephO 
has fit using constraints on the curvature c ver- 
sus p estimated Eilby Cabrini and Neubert. While 
their central value does not change, the statistical 
uncertainty increases by 4%. It seems that an ad- 
ditional uncertainty of 4% is appropriate for the 
linear bias. For an estimate of the bias, I used the 
Cabrini-Neubert relationship to find the curvature 
that would yield on average the slope observed in 
a linear fit. This procedure implies an average bias 



0.045 




slope 



Figure 16: One standard deviation error ellipses for 
.7^(l)|Vci,| versus the form factor slope p^. The black cross- 
hatched ellipse is the average. 



in the fits of -2.5%. After a (2.5±2 5)% correction, 
T{l)\Vcb\ = (35.7±2.1±J;|) x lO'^, where the er- 
rors are the experimental uncertainty and the bias 
uncertainty, respectively. 

To extract \Vcb\, we need a prediction for 
F{1) = ?7a(1 + <5i/m2), where tja is the pertur- 
bative QCD correction, and (Ji/m^ incorporates 
the llml and 1/m^ corrections. Recently, Czar- 
neckiE3 has completed a complete two-loop cal- 
culation of the perturbative correction, finding 
TjA = 0.960 ± 0.007. Neubert ha|a_jpjmiLiarized O 
the work done by various authorsEjSLJO for the 
1/m^ correction, finding Si/,n^ = (— 5.5 ± 2.5)%. 
The predictions of HQET are now just beginning 
to be tested, for example through the measure- 
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mcnt ciLthc individual form factors in B D*(.v 
decaysllj. 

The total correction is therefore J-{\) = 0.91± 
0.03, from which we obtain 



\Vch\ = 0.0391 ± 0.0027 ± 0.0013, 



(21) 



where the experimental and bias uncertainties 
have been combined in the first error, and the sec- 
ond error is the uncertainty in ^(1). 

3.3 B -> Div 

Both CLEO S and ALEPH have results for 
similar form factor studies of the decay — > 
D^t^v. CLEO has performed two analyses that 
have similar sensitivities and largely independent 
samples, one based on "neutrino-reconstruction" 
techniques that will be discussed below, and one 
based on the D~l kinematics assuming the B 
mesons produced at the T(4S') are at rest. The 
ALEPH analysis is similar to its D*iv analysis. 

The results, after correcting to the standard 
branching ratios listed above, are also summarized 
in Table ||. The error ellipses for both experiments 
are shown in Figure 17. The CLEO results have 
been reaveraged with the slope and intercept cor- 
relations taken into account along with the com- 
mon systematic uncertainties. The simultaneous 
average of the three slope and intercept measure- 
ments gives T{l)\Vcb\ = (36.8 ± 4.0) x lO^^ and 
p = 0.58 ± 0.20. For the intercept in particular, it 



is clear from Figure 17 that a naive average would 
have resulted in a very biased result — almost a 
full standard deviation lower than the results ob- 
tained here. 

While the prediction of J-{\) for Dlv has not 
received nearly the scrutiny as the D*/ ?^ predic- 
tion, a recent calculation predicts EIIEj .^-"(1) = 
0.98 ± 0.07. Taking this calculation, and assum- 
ing the same bias from the linear form factor 
parameterization as in the D*lv case, we have 
\Vch\ = 0.0385 ± 0.0045 ± 0.0028. 

3.^ Summary 

The Vcb values obtained from inclusive measure- 
ments at the T(45) and at LEP and from the 
exclusive B — > D^*Hv decays are shown in Fig- 
ure |l^. The level of agreement between the differ- 
ent inclusive and exclusive measurements is quite 
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Figure 17: One standard deviation error ellipses for 
Vcbl versus the form factor slope for — > D~ t^u. 
The black cross-hatched ellipse is the average. 



good. The theoretical uncertainties in the inclu- 
sive and exclusive measurements are quite differ- 
ent, so the agreement is certainly heartening, and 
suggests that, at least at the 5% level, the theoret- 
ical calculations are in reasonable control. How- 
ever, given the broad ranga^of estimates for the 
theoretical uncertainties l£flO, and the infancy of 
the experimental checks of the theoretical inputs, 
it seems premature to average the results. 

4 Determining Vub 

Until recently, the sole evidence for 6_^pi_jit tran- 



sitions has come from the observation ElrQ of lep- 
tons with momenta in a range accessible to & ^ 
ulv^ yet high enough to be reached only rarely 
in the dominant h — > civ process. These stud- 
ies have yielded the oft-quoted value |T4b/K:6| — 
0.08 ±0.02. Model dependence dominates the un- 
certainty — the details of hadronization signifi- 
cantly affect this endpoint region, and the rate 
into this range cannot be calculated reliably. 

Experimentally, the rate measurements them- 
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Figure 18: Summary of the IVcijI measurements. 



selves show significant variation within a single 
model. PattersonEj has re-evaluated those analy- 
ses: the discrepancies appear to arise from the pro- 
cedure used to extract \Vub/Vcb\ from the observed 
b ulv rate. This was accomplished using the 
measured rate for inclusive h — > civ decays with 
leptons in a moderately high momentum range, 
allowing \VublVcb\ to be obtained directly. The 
procedure relied on modeling of both h — > uHv and 
h — > c^v. If instead the B lifetime, now known 
quite precisely, is used to directly extract \Vub\i 
the experimental discrepancies vanish. The new 
average is compatible with the standard |Ktf)/Vcb| 
value in use, and the resolution of this problem 
lends considerable confidence that the the experi- 
mental uncertainty is reasonable. 

ALEPH has presented^ first evidence for ob- 
servation of semileptonic 6 — > u transitions at 
LEP. The large 6 — > c background must be under- 
stood at the 1% level for the reliable extraction of 
\Vub\^ which seems difficult given our incomplete 
knowledge of the charm semileptonic decays of B 
hadrons. 

Exclusive charmless semileptonic decays pro- 
vide an alternate route to \Vub\- The theoretical 
road is still rocky, since the form factors for the ex- 
clusive decays must be known both for the deter- 
mination of detection efficiencies and for the rate 
predictions needed to extract \Vub\- Because these 
are hcavy^light transitions, HQET cannot help 
as it did for b — > civ, and we must live with model 
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Figure 19: M^£^ (left) and AE (right) distributions in 
the AE and M^i^ signal bands, respectively. The data 
(points) have continuum and fake-lepton backgrounds sub- 
tracted. The coarse Crosshatch, grey and unshaded compo- 
nents are b — > cX background, feed-down background from 
other B — > X^l^v decays, and signal, respectively. For the 
TT {p/io) modes, the fine Crosshatch shows the signal mode 
cross-feed level p/u) — > tt (tt — > p/ui) and the single hatch, 
TT — > TT {p/lo — » p/u)) cross-feed. 



dependence for now. There is great activity in 
the calculation of form factors spanning a variety 
of models and techniques, and consistency among 
the different technique will help to lend some con- 
fidence in fhc \yub\ extraction. 

CLEOeS'lII has recently extracted \Vub\ from 
the study of the B — > Titv and B pjuitv decays 
of both B^ and B^ . To suppress the large back- 
grounds from the dominant h civ processes, 
they use the missing energy i?miss and momen- 
tum Pmiss in the entire event to infer informa- 
tion about the missing neutrino. Selection require- 
ments — zero observed charge, identically one ob- 
served lepton, M^.^^ = El,^^- p2.^^ ^ = 
— suppress events in which Pmiss would misrep- 
resent a true primary neutrino. They find resolu- 
tions on the neutrino momentum and direction of 
110 MeV (roughly 5%) and 6°, respectively. They 
can then fully reconstruct signal candidates, ex- 



amining Af„£^ = (£^bcam - IPm + Pt + Pu^f^^ 

which should peak at the B mass, and AP = 
Emtu—Ehcaim which should peak at zero. They see 
clear evidence for a signal in both variables (Fig- 
ure in both the tt modes and the p/uj modes. 
CLEO extracts branching ratios and \Vub\ from 
fits to data in the region \AE\ < 0.75 GeV and 
5.1075 < M„<;^ < 5.2875 GeV. 

CLEO has evaluated theit-pxperimcntal effi- 
ciencies using several models t3 that span a va- 
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riety of calculation techniques. For the branch- 
ing ratios, the model dependence is moderate be- 
cause the efficiencies do not depend on the over- 
all normalization of the form factors. CLEO can 
test the validity of a given model by comparing 
the measured ratio of branching fractions B{B —> 
p£i')/B{B niv), obtained with efficiencies de- 
termined from the model, to the ratio predicted 
by that model. The Korner and Schuler model 
was only consistent at the 0.5% level, so it was 
excluded from any model averages. From the re- 
maining models they obtained tt~£~^i/) = 
(1.8±0.4±0.3±0.2)xlO-''andS(5'' p-i+v) 
(2.5 ± OAto,r ± 0.5) x lO"*, where the errors are 
statistical, systematic and the estimated model- 
dependence, respectively. The asymmetric error 
in the p modes arises from the uncertainty in non- 
resonant B TTTTiiy background, which CLEO has 
limited by studying 

Extraction of \Vub\ has greater model depen- 
dence because the absolute form factor normaliza- 
tion must be known. To combine the information 
from the tt and p/cu modes within a model, CLEO 
determines \Vub\ by constraining the p/n ratio to 
that predicted by the model. The resulting val- 
ues are shown in the top of Figure EG, from which 
CLEO estimates \Vub\ = (3.3±0.2l^±0.7)xl0-3, 
where the errors are statistical, systematic, and es- 
timated model dependence, respectively. Compar- 
isons of a larger sampling of recent modelstS, from 
which \Vub\ has been extracted using the above 
branching fractions, are also shown. They gener- 
ally agree with CLEO's value, and suggest that 
the estimated model dependence is reasonable. 

This new determination of \Vub\ is in excel- 
lent agreement with the value obtained from the 
endpoint analysis, which bolsters confidence in the 
value used for the past few years. At the moment, 
it is not clear how to properly average these re- 
sults, since the errors in both are dominated by 
theoretical uncertainties, uncertainties that in this 
case are correlated. The recent CLEO result is 
perhaps the most robust estimate to date. 



5 CPLEAR CP and CPT 

This year marks the close of data taking for the 
CPLEAR experiment. The many results of this 
beautiful experiment ace, summarized in these Pro- 
ceedings by B. Pagelso. They have made many 
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Figure 20: Values for extracted from the exclusive 

CLEO measurements. Top section: Combined irliy and 
plu results from models considered by CLEO. Middle sec- 
tion: Results based on CLEO model-averaged branching 
fractions and predictions from a sampling of other cal- 
culations based on QCD sum rules (QCD s.r.), lattice 
calculations (Latt.), relativistic quark models (rel. QM) 
and dispersion relations (d.r.). B.-K. refers to Burdman- 
Kambor; K.-R. refers to Khodjamirian— Riickl. Open circles 
(squares) are nil/ {ptv) results. Bottom section: Inclusive 
endpoint value. The points show the experimental errors. 
In the middle section, the estimated model dependence is 
included. An error bar underneath the data point indicates 
that model's internal error. The grey band show CLEO's 
estimated model dependence. 



precise determinations of the CP- violating param- 
eters in the neutral kaon system. 

They have also made significant contributions 
to tests of CPT conservation. There had been 
a long-standing two standard deviation discrep- 
ancy between the world average of (the phase 

of the CP-violating parameter rj-^ in 

TT+TT^ decay) and the "superweak phase" (psw = 
ta.n-\^f^). Such a discrepancy would signal 



CPT violatimi. Measurements by the FNAL E731 
experimentLj indicated that the problem lay with 
a high world average of the Kl — Ks mass dif- 
ference. Am, with which 0^ measurements are 

highly correlated. Among CPLEAR's measure- 
ments are Am = (529.2 ± 1.8 ± 1.5) x 10''^ hs'^, 

the most precise to date, and (p^ — 43.5° ±0.5° ± 

0.5° ±0.4°. These measurements, along with other 
recent results c^, have confirmed this suggestion. 
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and CPT invar iance is alive and well. 

CPLEAR also lias an indication of a T- 
violating asymmetry in K semileptonic decay 
based on a fraction of their data, with the assump- 
tion that CPT is conserved in the semileptonic de- 
cay amplitudes. Such an asymmetry is expected 
to accompany the known CP- violation in the neu- 
tral K system. It will be exciting to sec the results 
of this analysis from the full data sample. 

6 Conclusion 

In summary, the year has continued to benefit 
from the ingenuity brought to bear on weak quark 
mixing. We now know Amcj with outstanding pre- 
cision. I look forward to improved calculations of 
fs and Bb from the lattice and elsewhere. Lim- 
its on Atos are beginning to provide useful con- 
straints in unitary triangle analyses, and improved 
statistics for Arris and for rare B and K decays 
hold great promise. 

Values of 1 show excellent agreement in re- 
sults obtained from inclusive and exclusive stud- 
ies. Extraction of \Vcb\ from D*C.v decays remains 
the most reliable determination. This method is 
currently statistically limited, and improvements 
should be seen soon. With the improving preci- 
sion, proper handling of correlations is necessary, 
and understanding the experimental discrepancies 
in the form factor slopes is crucial. The unknown 
form factor curvatures could soon become a limit- 
ing factor in the precision. 

Studies of \Vub\ have entered a new era with 
the first determination from exclusive channels. 
These have bolstered our confidence in the inclu- 
sive determination, and provide a testing ground 
for exclusive models. This will help, in turn, re- 
duce uncertainties in the inclusive determination. 

Impressive as the precision of the measure- 
ments is becoming, the Standard Model remains 
unscathed. The next few years, as analyses of cur- 
rent experiments finish and as high luminosity B 
experiments begin data-taking, hold the promise 
of much excitement. 
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